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thelial stimulatory capacity of NET was not affected by deg-
radation of DNA with micrococcal nuclease, treatment with 
heparin, or inhibition of the elastase immobilized to DNA, 
but it was significantly reduced by pretreatment with an
anti-HMGB-1 blocking antibody. Altogether, our findings in-
dicate that NET exert direct proinflammatory effects on air-
way epithelial cells that might contribute in vivo to the fur-
ther recruitment of neutrophils and the perpetuation of in-
flammation upon lung tissue damage. 
 © 2017 S. Karger AG, Basel 
 Introduction 
 The lungs are continuously exposed to exogenous 
pathogens and require an efficient immune surveillance 
to control infections  [1] . The airway epithelium repre-
sents the first line of defense of the lung. It provides a me-
chanical barrier to prevent infections but also produces 
chemokines and cytokines that contribute to recruiting 
and activating phagocytic cells to eradicate microorgan-
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 Abstract 
 Tissue injury leads to the release of uric acid (UA). At high lo-
cal concentrations, UA can form monosodium urate crystals 
(MSU). MSU and UA stimulate neutrophils to release extra-
cellular traps (NET). Here, we investigated whether these NET 
could be involved in the development of inflammation by 
stimulating cytokine release by airway epithelial cells. We 
found that NET significantly increased the secretion of 
CXCL8/IL-8 and IL-6 by alveolar and bronchial epithelial cells. 
These effects were not observed when NETosis was inhibited 
by Diphenyleneiodonium, elastase inhibitor, or Cl-amidine. 
Similar findings were made with NET induced by cigarette 
smoke extract, suggesting that NET proinflammatory capac-
ity is independent of the inducing stimulus. Furthermore, 
NET affected neither the viability and morphology of epithe-
lial cells nor the barrier integrity of polarized cells. The epi-
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isms and infected cells  [2] . Furthermore, resident pulmo-
nary macrophages (MØ) are able to produce and release 
chemokines in response to microbial threats and lung in-
jury, and are a relevant source of proinflammatory me-
diators  [3] . Together, these mediators contribute to neu-
trophil recruitment, which, under physiological condi-
tions, can be found in the lung microvasculature, being 
part of the so-called marginated pool  [3] .
 Neutrophils play an essential role in the defense against 
bacterial and fungal infections, a fact that is highlighted 
by the occurrence of severe, and often fatal, infections in 
patients with congenital neutrophil deficiencies  [4] . 
However, neutrophils also contribute to chronic inflam-
matory conditions even in the absence of microbial 
threats. In instances of sterile inflammation, they can be 
recruited through a process orchestrated by damage-as-
sociated molecular patterns (DAMPs) like monosodium 
urate crystals (MSU) formed from the uric acid (UA) re-
leased by disrupted cells and tissues  [5, 6] . Previous stud-
ies showed that the accumulation of activated neutrophils 
in the alveolar space is an early step in the pulmonary in-
flammatory process that leads to acute lung injury (ALI), 
a severe clinical disorder, which may be caused by direct 
(e.g., pneumonia or aspiration of gastric content) or indi-
rect insults (e.g., sepsis or transfusion)  [7] . In animal 
models, neutrophil depletion dampens the development 
of ALI, whereas in neutropenic patients with lung injury, 
the deterioration of the pulmonary function as neutrope-
nia resolves has been well described  [8] .
 Neutrophil extracellular traps (NET) are fibrous struc-
tures formed by the nuclear DNA with its associated his-
tones as well as nuclear, cytoplasmic, and granular pro-
teins which are released during a cell death process called 
NETosis  [9–11] . NET trap many types of microbes ex 
vivo and are found in various disease models in vivo; they 
are thought to kill microbes by exposing them to high
local concentrations of antimicrobials  [12] . Agents like 
bacteria, protozoa, fungi, and viruses as well as chemical 
and sterile inflammatory stimuli were shown to induce 
NETosis  [10, 13, 14] . In the lungs, NET can be found in 
human allergic asthmatic airways  [15] , and in mice upon 
influenza virus pneumonitis within the alveoli and air-
ways, and in lesions of tissue injury  [16] . Huge amounts 
of NET have also been identified in cystic fibrosis (CF) 
airway fluids by confocal, atomic-force, and scanning-
electron microscopy  [17, 18] and in ALI  [19] .
 UA is generated as part of the normal turnover of nu-
cleic acids when cells break down their purines, e.g. from 
DNA or RNA  [20] . This constitutive process results in 
high intracellular levels of UA which increase further, 
when cells are injured or die, and degrade their RNA and 
DNA  [21] . Thus, UA is present as a normal constituent 
intracellularly and in biological fluids  [22] . Locally, the 
concentration of UA can exceed the saturation point in 
body fluids and precipitate and form MSU  [6] . Increased 
local UA levels are found in different pathologies, among 
them in patients with ALI  [23] . Both UA and MSU have 
been shown to promote cell-death-induced inflamma-
tion  [6, 21] . Based on the fact that UA and MSU are ca-
pable of stimulating the release of NET, in this study, we 
tested the hypothesis that these NET exert direct proin-
flammatory effects on alveolar and bronchial epithelial 
cells, and compared these effects with those induced by 
cigarette smoke extract (CSE), a well-known lung pathol-
ogy promoter  [24] . We also evaluated the impact of in-
hibitors of NET induction, treatment with micrococcal 
nuclease (MNase), and the neutralization of high-mobil-
ity group box-1 (HMGB-1) protein on the proinflamma-
tory effects exerted by MSU-stimulated neutrophils.
 Materials and Methods 
 The experimental protocols performed were approved by the 
Biosafety and Research Review Board of IMEX-CONICET-ANM 
and the Ethical Committee of the Institutos de la Academia Nacio-
nal de Medicina. The methods were carried out in accordance with 
the approved guidelines.
 Reagents and Materials 
 RPMI 1640 and DMEM culture media were purchased from 
HyClone Laboratories (Logan, UT, USA). Fetal bovine serum 
(FBS) and bovine serum albumin (BSA) were purchased from In-
ternegocios (Buenos Aires, Argentina). Ficoll was purchased from 
GE Healthcare (Munich, Germany). The anti-CD14-MicroBead 
isolation kit and recombinant human IL-4 were purchased from 
Miltenyi Biotec (Germany). Micrococcal nuclease was from 
Worthington. TMB substrate was from Thermo Fisher Scientific 
Life Technologies (Massachusetts, MA, USA). Anti-human elas-
tase antibody was from Calbiochem (Massachusetts, MA, USA), 
and rabbit total IgG, mouse total IgG, and all secondary antibodies 
were purchased from Jackson ImmunoResearch Laboratories 
(West Grove, PA, USA). TO-PRO-3 and SYBR Gold were from 
Life Technologies (Carlsbad, CA, USA). Phycoerythrin-conjugat-
ed anti-CD14 antibody, mouse anti-human nucleosome antibody, 
and the OptEIA human CXCL8/IL-8 and IL-6 ELISA sets were 
purchased from BD Biosciences (Franklin Lakes, NJ, USA), and 
human CCL2/MCP-1 (MCP-1) ELISA from eBioscience (San Di-
ego, CA, USA). Vitrocol and human fibronectin were purchased 
from Advanced Biomatrix (Carlsbad, CA, USA). Heparin was 
from Fondaparinux, Cl-amidine (Cl-a) was from Cayman Chemi-
cal (Ann Arbor, MI, USA), and elastase inhibitor (EI) and Diphe-
nyleneiodonium (DPI) from Sigma Aldrich (St. Louis, MO, USA). 
Aqua-Poly/Mount coverslipping medium was purchased from 
Polysciences (Warrington, PA, USA). Cellview glass-bottom dish-
es were purchased from Greiner Bio One. Lab-Tek chambers were 
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purchased from Nalge Nunc International, New York, NY, USA. 
CytoTox96 ® nonradioactive cytotoxicity assay was purchased 
from Promega. MSU were prepared as previously described in py-
rogen-free conditions  [25] . Briefly, 1.68 g of UA was added to 100 
mL of heated 0.01  M NaOH (70   °   C). NaOH/HCl was added as re-
quired to keep the pH between 7.1 and 7.2. The solution was slow-
ly and continuously stirred at room temperature for 24 h. The crys-
tals were harvested by decanting the supernatant, and then washed 
with ethanol. They were allowed to air-dry under sterile condi-
tions, dispensed in individual vials (10 mg each), and sterilized by 
autoclaving. They were then suspended in sterile PBS. The needle 
shape and the size of the crystals were checked by polarizing-light 
microscopy. Gas-phase extract of CSE was prepared by employing 
Camel cigarettes, using a continuous smoking protocol by a stan-
dard method previously described  [26] . The concentration of CSE 
achieved was 13.6 mg/mL expressed in terms of its virtual tar con-
centration. This preparation was employed at 10-fold dilution. 
Unless otherwise stated, all the chemicals employed were from Sig-
ma Aldrich. The elastase substrate used was N-methoxysuccinyl-
Ala-Ala-Pro-Val. Anti-HMGB-1 (clone 2G7) was kindly provided 
by Dr. Kevin Tracey (The Feinstein Institute for Medical Research, 
USA). The FITC-dextran fluorescence was determined with a Vic-
tor 3 microplate reader (Perkin Elmer). 
 Human Neutrophil Isolation 
 Neutrophils were isolated from the heparinized human blood 
from healthy donors (who gave written their informed consent), 
by centrifugation on Ficoll-Paque, dextran sedimentation, and hy-
potonic lysis  [27] . Cells were suspended at 5 × 10 6 /mL in RPMI 
1640 supplemented with penicillin (100 U/mL), streptomycin (100 
μg/mL) and 10% FBS previously heated at 65   °   C for 30 min for 
nuclease inactivation. After isolation, neutrophil preparations 
were stained with an anti-CD14-PE antibody and analyzed with a 
FACSCalibur cytometer (Beckton Dickinson, San Jose, CA, USA) 
to guarantee that monocyte contamination was <0.5% (online sup-
pl. Fig. S1; see www.karger.com/doi/10.1159/000460293 for all on-
line suppl. material). 
 Differentiation of Human Monocyte-Derived Macrophages 
and Dendritic Cells  
 Peripheral blood mononuclear cells were isolated by standard 
density gradient centrifugation on Ficoll-Paque. Monocytes were 
purified by using magnetic cell-sorting with the anti-CD14-Micro-
Bead isolation kit. Monocytes were cultured in RPMI 1640 supple-
mented with 10% FBS, penicillin (100 U/mL), streptomycin (100 
μg/mL), and 50 ng/mL M-CSF for 5 days for MØ differentiation 
 [28] , or 5–7 days with 10 ng/mL GM-CSF and 10 ng/mL IL-4 for 
dendritic cell (DC) differentiation, supplementing with the cyto-
kines every other day  [29] . DC differentiation was confirmed by 
determining the expression of high CD1a levels and low CD86 
levels on flow cytometry (online suppl. Fig. S2).
 Cell Cultures 
 Three different airway epithelial cells were employed. The 
A549 cell line was used to resemble type II alveolar epithelial cells 
 [30] . This cell type is located on the boundary between the alveolar 
airspace and the lung interstitium, ideally situated to modulate im-
mune responses  [31] . The BEAS-2B cell line consists of trans-
formed bronchial epithelial cells, which have been widely used to 
explore functional properties  [32] . The 16HBE14o– cells were es-
tablished from normal human bronchial epithelium, and, when 
polarized, retain differentiated epithelial morphology and func-
tions  [33] . The A549 and BEAS-2B cell lines were cultured in 
DMEM supplemented with 10% FBS, penicillin (100 U/mL), 
streptomycin (100 μg/mL), and glutamine (2 m M ). The 16HBE14o– 
cell line (kindly provided by Dr. Dieter Gruenert, UCSF, USA) was 
grown in minimal essential medium (MEM) supplemented as de-
scribed above. BEAS-2B and 16HBE14o– cells were seeded on 
plates coated with collagen (Vitrocol; 30 μg/mL), fibronectin (10 
μg/mL), and BSA (0.01%). Cells were grown at 37  °  C in a humidi-
fied 5% CO 2 atmosphere. For experiments on polarized epithelial 
cells, 16HBE14o– cells were seeded at 1 × 10 5 cells/cm 2 on Trans-
well ® polycarbonate filters (6.5 mm in diameter with a pore size of 
3 μm, Corning, Costar, USA), precoated as described above. The 
integrity of the polarized monolayer was determined by measuring 
the transepithelial electrical resistance (TEER), using an epithelial 
volt-ohmmeter (MILLICELL-ERS, Millipore), and corrected for 
the resistance value of the cell-free filter. Only polarized monolay-
ers with a TEER of >500 Ω/cm 2 over that of cell-free filters were 
used.
 Microscopic Assessment of NET Formation and Isolation 
 The formation of NET after MSU stimulation was determined 
both by live-cell imaging and on fixed-cell preparations. In the first 
case, neutrophils were live-imaged by confocal microscopy to re-
veal the crystals by reflection (mainly inside neutrophils; online 
suppl. Fig. S3) and the formation of NET by the cell-impermeable 
DNA dye SYTOX green (online suppl. video 1). Following the sec-
ond approach, neutrophils were seeded on poly- L -lysine-coated 
microscope slides. Briefly, after 4 h of MSU stimulation, samples 
were fixed with 4% PFA, permeabilized with 0.5% Triton X-100 in 
PBS for 1 min, and blocked with 5% goat serum for 60 min at 37  °  C. 
They were then incubated with a rabbit anti-human elastase anti-
body (1 μg/mL) and a mouse anti-human nucleosome antibody
(1 μg/mL), or the corresponding isotype controls for 1 h. They 
were then incubated with a secondary DyLight488-conjugated 
goat anti-rabbit IgG antibody (1: 200) and a secondary DyLight549 
goat anti-mouse IgG antibody (1: 200) for 30 min. For DNA stain-
ing, samples were incubated with TO-PRO-3 for 5 min and mount-
ed using Aqua-Poly/Mount coverslipping medium. Images were 
acquired by using a FluoView FV1000 confocal microscope 
(Olympus, Tokyo, Japan) equipped with a Plapon 60X/NA1.42 ob-
jective, and then analyzed with Olympus FV10-ASW software.
 NET Isolation 
 Neutrophils (PMN; 5 × 10 6 /mL) were cultured with either MSU 
(300 μg/mL), UA (8 mg/dL), or CSE (a 10-fold dilution of a solu-
tion with a concentration corresponding to cigarettes containing 
1.36 mg/mL tar) for 1 h at 37  °  C. Then, after gentle pipetting, stim-
uli were removed by a quick spin in a microcentrifuge (for 12 s), 
and the pellets were suspended in fresh medium and incubated for 
3 additional hours at 37   °   C in a humidified atmosphere with 5% 
CO 2 . Afterwards, NET were detached from other cells and from 
the debris by a gentle ultrasonic pulse (60 s; 40 Hz; W200 ultra-
sonic bath; Branson) and centrifugation. NET-containing super-
natants (SN NET) were collected and immediately seeded over the 
epithelial cell monolayers. Aliquots of these supernatants were em-
ployed to quantify the concentrations of DNA. The ultrasonic 
pulse applied to detach NET did not modify cell viability as deter-
mined by annexin V-FITC/propidium iodide staining and flow 
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cytometry (online suppl. Fig. S4). For control conditions, neutro-
phils were either cultured in the absence of stimuli and subjected 
to the same procedures as for NET isolation (SN unPMN) or were 
heat-shocked at 45  °  C for 10 min and then cultured for 4 h at 37  °  C, 
centrifuged, and the supernatants then collected to attain superna-
tants of necrotic cells (SN necPMN)  [34] . For experiments con-
ducted to address the role of DNA in the effects exerted by NET, 
neutrophils were cultured either with MSU or vehicle in the pres-
ence or absence of MNase (10 U/mL), and subjected to the same 
procedure described above to obtain NET. In assays aimed at pre-
venting NET release from stimulated cells, neutrophils were pre-
incubated for 30 min with DPI (10 μ M ), EI (10 μ M ), or Cl-a (200 
μ M ), and then subjected to the same procedure described above, 
maintaining the presence of NETosis inhibitors throughout the 
culture period to avoid NET formation. In some experiments, neu-
trophils were fixed with paraformaldehyde (PFA) 4%, exhaustive-
ly washed and incubated with MSU, UA, or CSE, followed by the 
same procedure as for NET isolation.
 NET Quantification 
 DNA was quantified by SYBR Gold (1: 2,000) staining and
fluorometry detection after interpolation from a standard DNA 
concentration curve and subtracting the value obtained when the 
same sample was pretreated with a high concentration of MNase 
(10 U/mL) for 30 min to degrade DNA. Myeloperoxidase (MPO) 
concentration was determined by a reaction of the TMB substrate 
with NET preparations for 10 min, a detection of the change in 
optical density at 450 nm by spectrophotometry, and interpolation 
from a standard MPO concentration curve. The elastase activity of 
the samples was determined by spectrophotometry from their abil-
ity to cleave a specific substrate.
 Epithelial Cell Stimulation 
 A549 and BEAS-2B epithelial cells grown at 80% confluence 
were cultured for 18 h at 37   °   C in a humidified atmosphere with 
5% CO 2 .in the presence or absence of 200 μL of (1) NET recovered 
upon stimulation of 1 × 10 6 neutrophils; (2) supernatants of neu-
trophils incubated with vehicle (SN unPMN); (3) supernatants of 
heat-shock-induced necrotic neutrophils (SN necPMN), or (4) su-
pernatants of PFA-fixed neutrophils incubated with MSU (fPMN 
+ MSU), UA (fPMN + UA), or CSE (fPMN + CSE). Supernatants 
were then collected and CXCL8/IL-8, IL-6, and CCL2/MCP-1 con-
centrations were determined by ELISA. In some experiments, epi-
thelial cells were cultured for 18 h at 37 ° C with supernatants of 
neutrophils that had been stimulated with MSU, UA, or CSE in the 
presence of the NETosis inhibitors (EI, DPI, or Cl-a). Twenty-four 
hours before stimulation of 16HBE14o– cells grown as polarized 
monolayers (described above), the culture medium was replaced 
with bronchial epithelial cell growth medium (BEGM, LONZA) to 
reduce the basal secretion of cytokines. Then, the cells were api-
cally exposed for 18 h to MSU- or CSE-induced NET recovered 
upon stimulation of 1 × 10 6 neutrophils, or to supernatants of neu-
trophils incubated with vehicle (SN unPMN). At the end of the 
culture, supernatants were harvested for cytokine quantification 
by ELISA. TEER values were also measured at both the beginning 
and end of the stimulation period to check monolayer integrity. 
Cell permeability after NET stimulation was determined after re-
placing the upper-chamber culture medium with fresh MEM con-
taining 0.2 mg/mL FITC-Dextran (40 kDa) and incubation for 2 h. 
Then, an aliquot of the basolateral chamber medium was collected 
and fluorescence was determined with a Victor 3 microplate read-
er (Perkin Elmer) at 492 nm excitation and 520 nm emission wave-
lengths. 
 Cytotoxicity Assay 
 The cytotoxic effect of SN NET on polarized 16HBE14o– epi-
thelial cells was determined by assessing lactate dehydrogenase 
(LDH) release. After SN NET stimulation, culture supernatants 
were harvested and LDH levels were measured by using a Cyto-
Tox96 ® nonradioctive cytotoxicity assay (Promega). Culture su-
pernatants  of unstimulated cells were used as basal control and 
lysed cells were used as a positive control of cytotoxicity.
 Statistical Analysis 
 Data were represented as the mean ± SEM values of at least 3 
different replicates of independent experiments performed in trip-
licate. Statistical analysis was performed using GraphPad Prism 
v6.00 for Windows, GraphPad Software, La Jolla, CA, USA. The 
D’Agostino and Pearson normality test was performed to assess 
the Gaussian distribution of the variables. Comparisons between 
groups were done by 2-way ANOVA with repeated-measures fol-
lowed by Bonferroni’s multiple-comparisons test. Statistical sig-
nificance was defined as  p <  0.05.
 Results 
 Isolation of NET Induced by Neutrophil Stimulation 
with MSU, UA, and CSE 
 First, we evaluated the strength of MSU, UA, and CSE 
to induce NET generation. These agonists stimulated neu-
trophils to produce huge amounts of NET, whose identity 
was confirmed by confocal microscopy by evaluating the 
colocalization of DNA with elastase and MPO (online 
suppl. Fig. S5A, S5B). NET induced by phorbol myristate 
acetate (PMA) were assessed as a positive control. We 
then verified the efficiency of our NET isolation protocol 
by quantifying the concentrations of DNA and MPO, and 
the elastase activity. After separation from cell debris, su-
pernatants of MSU-stimulated neutrophils contained 
DNA, as indicated by the reduction in the fluorescence 
emitted by the MNase-treated NET preparation to the lev-
els observed in the supernatants of unstimulated neutro-
phils (basal) (online suppl. Fig. S5C). These NET prepara-
tions also contained MPO and exhibited elastase activity 
(online suppl. Fig. S5D, S5E). By confocal microscopy, in 
the material isolated from the supernatants of neutrophils 
stimulated with either MSU, UA, or CSE, we confirmed 
that elastase and MPO were associated with chromatin 
(online suppl. Fig. S6A, S6B). Having confirmed that our 
protocol efficiently allowed NET isolation, we then em-
ployed these NET preparations to evaluate their ability to 
modulate cytokine secretion by lung epithelial cells.
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 NET Increased Cytokine Secretion by Airway 
Epithelial Cells 
 Supernatants of neutrophils containing NET induced 
by MSU, UA, or CSE (SN NET-MSU, SN NET-UA, and 
SN NET-CSE, respectively) markedly increased the pro-
duction of CXCL8/IL-8 and IL-6 by A549 alveolar epithe-
lial cells ( Fig. 1 a, b). By contrast, supernatants of neutro-
phils which were heat-shocked to undergo necrosis (SN 
necPMN)  [34] and consequently to release their intracel-
lular content, slightly modified cytokine release ( Fig. 1 a, 
b). On the other hand, even though culture supernatants 
of unstimulated neutrophils (SN unPMN) augmented 
epithelial cytokine secretion, this increase was signifi-
cantly lower than that induced by NET. Worthy of men-
tion, the concentrations of CXCL8/IL-8 in NET prepara-
tions were comparable to those present in supernatants 
of unstimulated neutrophils (online suppl. Fig. S7). 
Three-fold and 10-fold dilutions of MSU-induced NET 
obtained from 1 × 10 6 neutrophils showed that, as ex-
pected, the stimulatory capacity was dependent on the 
NET concentration ( Fig. 1 c, d). 
 We ruled out the possibility that MSU that could per-
sist in low amounts in our NET preparations (online
suppl. Fig. S3) were responsible for the effects attributed 
to NET, because the MSU were unable per se to stimulate 
cytokines production by A549 cells ( Fig. 1 e, f). Further-
more, supernatants that did not contain NET because 
they were collected from neutrophils that were first fixed 
with PFA and then incubated with MSU (fPMN + MSU), 
did not stimulate A549 cells to release either CXCL8/IL-8 
or IL-6 ( Fig. 1 e, f). Similar findings were made when su-
pernatants from fixed neutrophils incubated with UA 
(fPMN + UA) or CSE (fPMN + CSE) were employed (on-
line suppl. Fig. S8). These findings rule out the possibility 
that traces of the stimuli that could persist in NET prepa-
rations were responsible for the observed proinflamma-
tory effects on epithelial cells. In additional experiments, 
SN NET also stimulated cytokine secretion by BEAS-2B 
bronchial epithelial cells ( Fig. 1 g, h). To determine wheth-
er SN NET could also stimulate cytokine secretion when 
exposed to the luminal surface of polarized epithelial 
cells, we evaluated their impact on polarized 16HBE14o– 
bronchial epithelial cells. Both SN NET-MSU ( Fig.  1 i) 
and SN NET-CSE ( Fig. 1 j) significantly increased CXCL8/
IL-8 secretion towards the apical compartment, not only 
over basal levels but also over those induced by SN 
unPMN. These effects were not observed in supernatants 
obtained from the basolateral compartment of the epithe-
lial cell cultures ( Fig. 1 k, l). 
 Contribution of NET to the Stimulation of Cytokine 
Secretion by Epithelial Cells  
 To confirm that NET were responsible for the increase 
in cytokine production, we first stimulated neutrophils 
with MSU in the presence of compounds that have been 
previously shown to inhibit NETosis  [35, 36] . We used 
the NADPH oxidase inhibitor DPI because NETosis in-
duced by MSU is dependent on ROS  [35] , and the neu-
trophil EI because this enzyme is required for the chro-
matin decondensation that leads to NET formation. As 
expected, both compounds significantly inhibited DNA 
release from MSU-stimulated neutrophils ( Fig. 2 a). When 
these neutrophil supernatants were added to either A549 
( Fig. 2 b, c) or polarized 16HBE14o– cell cultures ( Fig. 2 d, 
e), they were unable to increase CXCL8/IL-8 and IL-6 
production beyond that induced by the supernatants of 
unstimulated neutrophils, which suggests that the pres-
ence of NET in MSU-stimulated neutrophil supernatants 
was responsible for this effect. Worthy of mention, as
either DPI or EI had to be present throughout the stimu-
lation period of neutrophils in order to inhibit NET re-
lease, we also tested their impact on the cytokine release 
by A549 cells; neither inhibited the basal release of cyto-
kines per se ( Fig. 2 b–e). As NETosis induced by UA is 
 Fig. 1. NET stimulated proinflammatory cytokine release by hu-
man epithelial cells. Cytokine secretion by A549 alveolar epithe-
lial cells ( a–f ), BEAS-2B bronchial epithelial cells ( g ,  h ), or polar-
ized 16HBE14o- human bronchial epithelial cells ( i–l ; apical stim-
ulation and cytokine release to the apical [ i ,  j ] or basolateral [ k ,  l ] 
compartment) after 18 h of culture in the absence (Basal) or pres-
ence of supernatants of necrotic neutrophils (SN necPMN), super-
natants of unstimulated neutrophils (SN unPMN), or supernatant 
containing NET induced by MSU (SN NET-MSU); UA (SN NET-
UA) or CSE (SN NET-CSE), determined by ELISA.  c ,  d Secretion 
of CXCL8/IL-8 and IL-6 by A549 cells in response to the indicated 
dilutions of NET released by 1 × 10 6 neutrophils.  e ,  f Secretion of 
CXCL8/IL-8 and IL-6 by A549 cells cultured in the presence of ei-
ther SN NET-MSU, supernatants of PFA-fixed neutrophils 
(fPMN) incubated with MSU, or MSU alone. Worthy of mention, 
MSU was evaluated at 10- and 20-fold dilutions of that used to 
stimulate NETosis because, after the removal step, only a small 
proportion of the crystals could remain in the cultures before NE-
Tosis took place and their concentrations in NET preparations 
were probably lower than those tested. Data are depicted as the 
mean ± SEM of 7 ( a ), 8 ( b ), 3 ( d ,  g ), 4 ( f ,  h ,  j ,  l ), or 5 ( e ,  i ,  k ) inde-
pendent experiments performed in triplicate.  *   p < 0.05 (two-way 
ANOVA with repeated measures, followed by Bonferroni’s multi-
ple-comparisons test). 
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independent of NADPH oxidase  [37] , and CSE-induced 
NETosis comprises histone H3 citrullination  [38] , we 
performed additional experiments by employing Cl-a, an 
inhibitor of protein arginine deiminase 4 (PAD 4 ), as a 
NETosis inhibitor. PAD4 is another enzyme that is in-
volved in chromatin decondensation for NET formation 
with certain agonists  [39] . Cl-a significantly inhibited 
NET formation induced by both UA and CSE, deter-
mined as the amount of DNA released into the culture 
supernatant ( Fig. 2 f). Furthermore, the supernatants of 
neutrophils stimulated with NETosis agonists in the pres-
ence of Cl-a were devoid of the capacity to stimulate cy-
tokine secretion by A549 epithelial cells ( Fig. 2 g, h).
 The Epithelial Cell Stimulatory Capacity of NET Is 
Similar to That Exerted by Different PAMPs 
 We then stimulated A549 cells with different TLR li-
gands which were previously shown to induce A549 and 
16HBE14o– cell activation  [40–43] . SN NET-MSU stim-
ulated CXCL8/IL-8 production at similar levels to LPS, 
PAM2CSK4, and PAM3CSK4 ( Fig. 3 a) and induced IL-6 
and CCL2/MCP-1 release akin to LPS and PAM3CSK4 
( Fig. 3 b, c). However, the A549-stimulatory capacity of 
SN NET-MSU was always lower than that of flagellin. By 
contrast, MSU- and CSE-induced NET supernatants 
stimulated levels of CXCL8/IL-8 secretion to the apical 
surface of polarized 16HBE14o– cells that were similar to 
that induced by flagellin ( Fig. 3 d). These findings suggest 
that NET are able to stimulate cytokine responses in the 
range of those induced by standard concentrations of mi-
crobial agonists for these epithelial cells. On the other 
hand, when added together with LPS, SN NET were also 
able to increase, in an additive mode, the release of IL-6 
by A549 cells ( Fig. 3 f). 
 NET Did Not Affect Epithelial Cell Viability  
 We then evaluated the impact of MSU-induced NET 
on the stability of epithelial cell monolayers, by means of 
optical microscopy, and on the viability of epithelial cells, 
using Annexin V/PI staining. After 18 h of culture in the 
presence of SN containing MSU-induced NET, neither 
the A549 nor BEAS-2B cell monolayers exhibited differ-
ences in their microscopic appearance ( Fig. 4 a) or in the 
levels of apoptosis or necrosis compared to untreated 
cells ( Fig.  4 b; online suppl. Fig. S9). We also evaluated 
whether NET affected the viability and barrier function 
of polarized 16HBE14o– bronchial epithelial cells. To this 
aim, we apically exposed polarized cells to SN NET or SN 
unPMN for 18 h. We then evaluated the LDH release 
( Fig. 4 c), the TEER ( Fig. 4 d), and the barrier permeability 
of FITC-dextran applied apically over epithelial cells 
( Fig. 4 e). None of these parameters was affected by either 
the unstimulated neutrophil supernatants or SN NET in-
duced by either MSU or CSE.
 NET Stimulates Cytokine Secretion by Human MØ 
but Not by Human Monocyte Derived-DC 
 To determine whether the stimulatory effects of NET 
on cytokine secretion are specific for epithelial cells or can 
also be exerted on other cell types, we evaluated the im-
pact of NET on human MØ and DC. SN NET-MSU stim-
ulated CXCL8/IL-8 and IL-6 secretion by MØ, and this 
effect was significantly reduced when the supernatants of 
neutrophils stimulated in the presence of EI were added 
to the epithelial cell cultures ( Fig. 5 a, b). However, while 
SN NET stimulated MØ to release significantly higher 
levels of CXCL8/IL-8 than the SN unPMN did ( Fig. 5 a), 
this increase was not observed when IL-6 was assessed 
( Fig.  5 b). Worthy of mention, supernatants of neutro-
phils that were fixed and then incubated with MSU to 
mimic NETosis stimulation did not affect the secretion of 
cytokines by MØ, indicating that residual MSU that could 
remain in NET preparations were not responsible for the 
observed cytokine response (online suppl. Fig. S10). Su-
pernatants containing NET did not modulate CXCL8/
IL-8 or IL-6 production by DC ( Fig. 5 c, d) even though 
they were able to respond to LPS stimulation. Likewise, 
SN NET did not modulate DC maturation as assessed by 
MHC class II, CD86, and CD40 expression (data not 
shown). These findings suggest that the ability of NET to 
stimulate cytokine responses is restricted to certain cell 
types. 
 Fig. 2. NETosis inhibitors reduced the capacity of the supernatants 
of MSU-, UA-, or CSE-stimulated neutrophils to promote cyto-
kine secretion by human epithelial cells. Neutrophils were stimu-
lated with MSU in the presence or absence of DPI (10 μ M ), EI (10 
μ M ), or Cl-a (200 μ M ) for 4 h. a ,  f After recovering the supernatants, 
the concentration of DNA was evaluated as a read-out of the pres-
ence of NET. Supernatants were added to the A549 ( b ,  c ,  g ,  h ) or 
16HBE14o– ( d ,  e ) cell monolayers, which were cultured for 18 ad-
ditional hours. Afterwards, cytokine concentrations in these cul-
ture supernatants were determined by ELISA. The effect of DPI, 
EI, and Cl-a on the epithelial cells was evaluated as a control. Data 
are depicted as the mean ± SEM of 6 ( a ,  b ) and 4 ( c–h ) independent 
experiments performed in triplicate.  *   p < 0.05 (two-way ANOVA 
with repeated measures, followed by Bonferroni’s multiple-com-
parisons test. 
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 The DAMP HMGB-1 Is Partially Responsible for NET 
Stimulatory Effects on Epithelial Cells  
 Trying to elucidate the NET component responsible 
for the stimulatory effects on epithelial cells, we evaluated 
the impact of SN NET treated with high concentrations 
of MNase which induced extracellular DNA degradation 
(online supplementary Fig. S5C, S11). Digestion of NET 
with MNase did not modify their ability to induce CXCL8/
IL-8 and IL-6 production by A549 cells, suggesting that 
DNA is not responsible for these NET stimulatory ca-
pacities ( Fig. 6 a, b). In agreement with these findings, nei-
ther DNA isolated from human neutrophils nor from bo-
vine thymus was able to stimulate CXCL8/IL-8 secretion 
by A549 cells ( Fig.  6 c). Moreover, the anion heparin, 
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 Fig. 3. Evaluation of the agonistic capacity of NET to stimulate cy-
tokine production by human epithelial cells.  a–c Monolayers of 
A549 epithelial cells were stimulated with SN MSU-induced NET, 
the TLR4 agonist LPS from  E. coli O111:B4 (250 ng/mL); the TLR2 
agonists PAM2CSK4 (100 ng/mL) and PAM3CSK4 (1 μg/mL), or 
the TLR5 agonist, flagellin (1 μg/mL) for 18 h at 37   °   C. Cytokine 
concentrations were determined in culture supernatants by
ELISA.  d ,  e Polarized 16HBE14o– cell monolayers were apically 
stimulated for 18 h with SN unPMN, SN MSU-, or CSE-induced 
NET or flagellin (1 μg/mL), and the CXCL8/IL-8 concentrations 
in the culture supernatants were determined by ELISA.  f Monolay-
ers of A549 epithelial cells were stimulated for 18 h with SN MSU-
induced NET in the presence or absence of LPS (250 ng/mL), and 
the IL-6 concentration in the culture supernatants was determined 
by ELISA. Data are depicted as the mean ± SEM of 5 independent 
experiments performed in triplicate.  *  p < 0.05 (two-way ANOVA 
with repeated measures, followed by Bonferroni’s multiple-com-
parisons test). 
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 Fig. 4. Impact of NET on the viability and integrity of human epi-
thelial cell monolayers.  a The integrity of A549 or BEAS-2B cell 
monolayers after 18 h of culture in the absence (untreated) or pres-
ence of SN NET-MSU was evaluated by crystal violet staining and 
optical microscopy. Images are representative of 3 independent 
experiments. ×200.  b A549 epithelial cell viability after culture 
without (untreated) or with SN NET-MSU was determined using 
annexin V/PI staining and flow cytometry. Data are representative 
of 3 experiments.  c Levels of LDH were determined in the apical 
compartment of 16HBE14o– epithelial cell polarized cultures 
compared to total LDH cell content (Max) expressed in absor-
bance units (Abs). TEER of polarized 16HBE14o– epithelial cell 
monolayers ( d ) and permeability of FITC-dextran in fluorescence 
arbitrary units (AU) ( e ) applied apically over polarized 16HBE14o– 
epithelial cell monolayers exposed for 18 h at 37   °   C to medium 
(untreated), SN unPMN, SN NET-MSU, or SN NET-CSE. Perme-
ability was compared to that evaluated in Transwells lacking epi-
thelial cells (Max). Results are depicted as fluorescence AU.  c–
e Data represent the mean ± SEM of 4 independent experiments 
performed in triplicate.  *   p < 0.05 (two-way ANOVA with repeat-
ed measures, followed by Bonferroni’s multiple-comparisons test). 
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which is expected to complete the charge interactions of 
DNA  [44] , was unable to modulate the ability of SN NET 
to trigger cytokine release by epithelial cells ( Fig.  6 d). 
Taking into account that heparin has a high affinity for 
histones and releases histones from chromatin  [45] , our 
findings also suggest that the stimulatory effect of NET 
on IL-6 and CXCL8/IL-8 secretion by epithelial cells is 
not mediated by histones. Additional assays indicated 
that thermal treatment of SN NET-MSU for 30 min at 
70  °  C abolished their ability to stimulate cytokine produc-
tion, suggesting that protein denaturation could abrogate 
the NET stimulatory capacity ( Fig. 6 e, f). We then evalu-
ated if neutrophil elastase, a serine protease which has 
been previously shown to stimulate epithelial cells to pro-
duce cytokines and induce lung inflammation, was re-
sponsible for the NET-mediated stimulation of lung epi-
thelial cells  [46] . However, when SN NET-MSU and EI 
were added together to epithelial cell cultures, the cyto-
kine response of the A549 cells to NET was not modified 
( Fig. 6 g).
 Previous studies reported that the nuclear protein 
HMGB-1 functions as a DAMP, inducing proinflamma-
tory cytokine secretion when released to the extracellular 
medium  [47] . Additional evidence involved HMGB-1 in 
ALI and pulmonary fibrosis  [48] . HMGB-1 was previous-
ly found in NET  [10] , and the mRNA of the receptor for 
0
a
50
100
150
200
CX
CL
8/
IL
-8
, n
g/
m
L
Ba
sa
l
SN
 un
PM
N
*
SN
 N
ET
-M
SU
*
SN
 PM
N 
+ 
MS
U 
+ 
EI
*
EI
* *
0
2
4
6
8
b
10
IL
-6
, n
g/
m
L
Ba
sa
l
SN
 un
PM
N
*
SN
 N
ET
-M
SU
*
SN
 PM
N 
+ 
MS
U 
+ 
EI EI
*
0
c
3
6
9
12
CX
CL
8/
IL
-8
, n
g/
m
L
Ba
sa
l
SN
 un
PM
N
SN
 N
ET
-M
SU LP
S
*
0
2
4
6
8
d
10
IL
-6
, n
g/
m
L
Ba
sa
l
SN
 un
PM
N
SN
 N
ET
-M
SU LP
S
*
 Fig. 5. Impact of NET on cytokine secretion by macrophages (MØ) 
and dendritic cells (DC). CXCL8/IL-8 ( a ) and IL-6 ( b ) secretion 
by MØ cultured for 18 h at 37  °  C, with medium (Basal) or SN MSU-
NET in the presence or absence of EI (10 μ M ) for 4 h. CXCL8/IL-8 
( c ) and IL-6 ( d ) production by DC cultured without NET (Basal) 
or with SN NET-MSU, SN unPMN, or LPS as a positive control 
(150 ng/mL). Data are depicted as the mean ± SEM of 3 indepen-
dent experiments performed in triplicate.  *    p < 0.05 (two-way 
ANOVA with repeated measures, followed by Bonferroni’s multi-
ple-comparisons test). 
 Fig. 6. HMGB-1 blockade but not MNase treatment reduced the 
cytokine stimulatory capacity of NET. CXCL8/IL-8 ( a ) and IL-6 
( b ) secretion by A549 cells cultured for 18 h at 37  °  C with medium 
(Basal), SN unPMN, SN NET-MSU, or SN NET-MSU obtained in 
the presence of MNase (10 U/mL). The effect of MNase on A549 
cells was evaluated as a control.  c CXCL8/IL-8 secretion by A549 
cells stimulated with SN NET-MSU, neutrophil DNA (3 μg/mL), 
or thymus DNA (3 μg/mL).  d The effect of heparin (Hep) on the 
ability of SN NET-MSU to stimulate IL-6 secretion by A549 cells. 
CXCL8/IL-8 ( e ,  g ) and IL-6 ( f ) secretion by A549 cells cultured for 
18 h at 37   °   C in the presence or absence of SN NET-MSU (Basal) 
or heat-treated SN NET-MSU (SN NET-MSU Ø; 30 min at 70  °  C) 
( e ,  f ) or SN NET together with EI ( g ). CXCL8/IL-8 ( h ) and IL-6 ( i ) 
secretion by A549 cells cultured for 18 h at 37   °   C with or without 
SN NET-MSU previously incubated for 30 min with an anti-
HMGB-1 (aHMGB-1) blocking antibody (2G7) or the respective 
IgG2b isotype control. The effect of aHMGB-1 and its isotype con-
trol on the epithelial cells was assessed as a control. Data are de-
picted as the mean ± SEM of 3 ( a ,  b ), 4 ( d ,  f ,  h ,  i ), 5 ( c ,  g ), and 9 
( e ) independent experiments performed in triplicate.  *    p < 0.05 
and nonsignificant (ns) (two-way ANOVA with repeated mea-
sures, followed by Bonferroni’s multiple-comparisons test). 
(For figure see next page.)
 Sabbione/Keitelman/Iula/Ferrero/
Giordano/Baldi/Rumbo/Jancic/Trevani
 
J Innate Immun 2017;9:387–402
DOI: 10.1159/000460293
398
0
a
20
40
60
CX
CL
8/
IL
-8
, n
g/
m
L
Ba
sa
l
SN
 un
PM
N
SN
 N
ET
-M
SU
*
SN
 N
ET
 M
SU
 +
 M
Na
se
*
MN
as
e
ns
0
g
10
20
30
40
CX
CL
8/
IL
-8
, n
g/
m
L
Ba
sa
l
SN
 N
ET
-M
SU
SN
 N
ET
-M
SU
 +
 EI
*
*
ns
0
h
5
10
15
20
CX
CL
8/
IL
-8
, n
g/
m
L
Ba
sa
l
SN
 N
ET
-M
SU
SN
 N
ET
 +
 aH
MG
B-
1
*
*
*
SN
 N
ET
 +
 is
ot
yp
e
*
aH
MG
B-
1
Iso
typ
e
ns
0
i
1
2
3
4
IL
-6
, n
g/
m
L
Ba
sa
l
SN
 N
ET
-M
SU
SN
 N
ET
 +
 aH
MG
B-
1
*
*
*
SN
 N
ET
 +
 is
ot
yp
e
*
aH
MG
B-
1
Iso
typ
e
ns
0
c
5
10
15
20
25
CX
CL
8/
IL
-8
, n
g/
m
L
Ba
sa
l
SN
 N
ET
-M
SU
*
Ne
utr
op
hil
 D
NA
Th
ym
us
 D
NA
0
e
5
10
15
20
CX
CL
8/
IL
-8
, n
g/
m
L
Ba
sa
l
SN
 N
ET
-M
SU
*
SN
 N
ET
-M
SU
 Ø
0
f
1
2
3
4
IL
-6
, n
g/
m
L
Ba
sa
l
SN
 N
ET
-M
SU
*
SN
 N
ET
-M
SU
 Ø
0
b
2
4
6
IL
-6
, n
g/
m
L
Ba
sa
l
SN
 un
PM
N
SN
 N
ET
-M
SU
*
SN
 N
ET
 M
SU
 +
 M
Na
se
*
MN
as
e
ns
0
– 1 10Hep U/mL 50
d
1
2
3
4
5
IL
-6
, n
g/
m
L
–
*
1
*
10
SN NET-MSU
*
50
*
ns
ns
ns
6
 Epithelial Cell Activation Induced by NET J Innate Immun 2017;9:387–402
DOI: 10.1159/000460293
399
advanced glycation end-product (RAGE), which is an 
HMGB-1 receptor, has been reported to be expressed at 
high levels in alveolar epithelial cells  [49] . Taking this 
data into account, we then evaluated whether our MSU-
induced NET also contained this DAMP by confocal mi-
croscopy. As expected, we found that HMGB-1 colocal-
ized with chromatin inside the nucleus of unstimulated 
neutrophils. Moreover, HMGB-1 was detected colocal-
izing with DNA in MSU-induced NET (online suppl. Fig. 
S12). More importantly, an anti-HMGB-1 neutralizing 
antibody significantly inhibited the secretion of CXCL8/
IL-8 and IL-6 induced by SN NET-MSU, in contrast to an 
isotype control antibody that did not reproduce the effect 
( Fig. 6 h, i). 
 Discussion 
 In this study, we showed that NET released upon stim-
ulation of neutrophils with MSU, UA, and CSE increase 
the secretion of proinflammatory cytokines by the airway 
epithelial cells. NET stimulated the production of signifi-
cantly higher levels of CXCL8/IL-8 and IL-6 than those 
induced by supernatants of heat-shocked neutrophils, in-
dicating that the soluble intracellular components re-
leased when neutrophils undergo necrosis are not able to 
reproduce the effect of NET. Although SN unPMN in-
duced some secretion of cytokines, this effect was signifi-
cantly lower than that induced by SN NET, and could be 
due to the basal levels of CXCL8/IL-8. Of note, when neu-
trophils were stimulated with MSU in the presence of DPI 
or EI, the collected supernatants were not only, as expect-
ed, devoid of NET; more importantly, they stimulated 
IL-6 and CXCL8/IL-8 secretion at similar levels to SN 
unPMN. Similarly, when neutrophils were stimulated 
with UA or CSE in the presence of Cl-a, a PAD 4 inhibitor, 
the reduction in their ability to release NET was associ-
ated with a reduced capacity to stimulate cytokine secre-
tion by epithelial cells.
 Of note, NET stimulated cytokine secretion by either 
alveolar A549 or bronchial (BEAS-2B and polarized 
16HBE14o–) epithelial cells, indicating that the effect was 
exerted irrespective of the origin of the epithelial cells. 
However, differences in cytokines levels were observed 
and could have been due to the differential expression of 
receptors involved in the recognition of the components 
of NET responsible for stimulating epithelial cells.
 Taking into account the ability of CXCL8/IL-8 and 
CCL2/MCP-1 to stimulate neutrophil and monocyte re-
cruitment and that IL-6 is a potent proinflammatory cy-
tokine, our findings suggest that NET generation in the 
airways might contribute to amplifying inflammation by 
stimulating airway epithelial cells to produce these proin-
flammatory mediators. Of note, we observed that when 
polarized bronchial epithelial cells were exposed on their 
apical surface to NET, they stimulated CXCL8/IL-8 re-
lease to the apical but not the basal compartment. Simi-
lar findings were previously described in polarized 
16HBE14o– and Calu-3 cell cultures  [50, 51] . It is pre-
sumed that apically polarized cytokine release could cre-
ate a chemotactic gradient for neutrophil transepithelial 
migration. This effect could lead to neutrophil recruit-
ment from the subepithelium into the airway lumen. 
These leukocytes could also release CXCL8/IL-8, in turn 
contributing to a positive-feedback cycle that might en-
hance airway inflammation  [50] .
 We also found that the proinflammatory effects of su-
pernatants containing MSU-induced NET were exerted 
on MØ but not on DC. In fact, in agreement with previous 
studies performed with NET induced by the calcium ion-
ophore A23187  [52] , MSU-induced NET did not induce 
cytokine secretion by DC, and NET were neither pro-
apoptotic nor cytotoxic for DC (data not shown).
 Our findings indicate that NET did not affect the via-
bility of A549, BEAS-2B, and 16HBE14o– cells evaluated 
by annexin V/PI staining or LDH release. Moreover, NET 
did not modify the cell morphology evaluated by optical 
microscopy, the TEER, or the barrier permeability to 
FITC-dextran, when applied apically over polarized epi-
thelial cells. These observations contrast with previous 
studies performed by Saffarzadeh et al.  [53] , who report-
ed that NET exerted cytotoxic effects on the human epi-
thelial cell lines HPAEC and A549 and the murine epithe-
lial cell lines MlE-12 and AT-II. However, the authors 
employed NET obtained by 4 h of stimulation of neutro-
phils with PMA and after a washing step and vigorous 
agitation. As NET are fragile structures that could be lost 
during the washing step, it might be possible that part of 
the effects were due to residual PMA in their NET prepa-
rations. In fact, we found that, when isolated, PMA-in-
duced NET, in contrast to MSU-induced NET, triggered 
marked morphological changes in DC and stimulated 
their adherence to the culture plate (unpubl. observa-
tions). Moreover, even though the neutrophils were ex-
tensively washed after 1 h of PMA stimulation and before 
NETosis would have taken place, these NET preparations 
maintained their ability to trigger the described effects on 
DC, suggesting that PMA traces were still present and 
were able to induce cell activation.
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 Previous studies indicated that UA is released as a 
consequence of pulmonary cell injury upon mice intra-
nasal administration of bleomycin, leading to fibrosis 
 [6] . At a high local concentration, UA precipitates and 
forms crystals that cause inflammation  [54] . Gasse et al. 
[6, 55] reported that UA constitutes a major endogenous 
danger signal that activates the NALP3 inflammasome, 
leading to IL-1β production and neutrophil recruitment 
to the lung. They also showed that local administration 
of exogenous UA crystals recapitulates lung inflamma-
tion and repair. Local UA levels are also increased in pa-
tients with ALI, a syndrome characterized by the accu-
mulation of neutrophils in the lung accompanied by the 
development of interstitial edema and an intense inflam-
matory response  [23] . In fact, neutrophils rapidly infil-
trate the pulmonary parenchyma after hypovolemic 
shock, intestinal ischemia/reperfusion, or endotoxin ad-
ministration  [8] , while the depletion of neutrophils re-
duces pulmonary edema and proinflammatory cytokine 
production after hemorrhage or endotoxemia  [56] . Con-
sidering that both UA and MSU induce NET formation 
 [10, 37] , our findings, which indicated that these NET 
markedly increased the production of proinflammatory 
cytokine by the airway epithelial cells, suggest that NET 
could contribute to the exacerbation of lung inflamma-
tion, not only upon bleomycin administration but also in 
ALI. Recent studies reported increased UA levels in lung 
lavage fluid in a murine ventilator-induced lung injury 
(VILI) model  [23] , and demonstrated that mechanical 
ventilation, together with LPS instillation, induced NET 
formation  [57] . In this murine model, mechanical venti-
lation plus LPS was associated with increased airway lev-
els of HMGB-1 and IL-1β, and a tendency to increase the 
CCL2/MCP-1 and IL-6 concentrations. Noteworthy is 
that the authors showed that intratracheal DNase treat-
ment reduced NET markers but did not significantly im-
pact on different measures of injury, concluding that 
NET do not play a major pathogenic role in this model 
of VILI  [57] . However, our findings, which indicated that 
MNase treatment did not reduce the cytokine-stimulato-
ry capacity of MSU-induced NET, suggest that evalua-
tion of this parameter is not enough to rule out a role of 
NET in pathogenicity. Our results also warn that thera-
peutic strategies including the use of DNase to reduce 
NET-induced lung inflammation might be ineffective. In 
fact, we found that blockade of HMGB-1 with a specific 
antibody, but not MNase treatment, attenuated the NET-
induced proinflammatory epithelial response. Given the 
incapacity of MNase to reduce the proinflammatory ef-
fects of NET, it is possible to speculate that either soluble 
or DNA-associated HMGB-1 stimulates cytokine secre-
tion by the epithelial cells. However, as necrotic neutro-
phils do not release HMGB-1 to culture supernatants 
 [58] , it is possible that, in vivo, this molecule is released 
by neutrophils associated with chromatin upon NETosis, 
and only dissociates by the action of extracellular nucle-
ases.
 CF is caused by mutations in the CF transmembrane 
regulator (CFTR), resulting in dysfunctional salt and 
water transport across epithelia. This lung disease is the 
major cause of morbidity and mortality in CF patients. 
Abundant amounts of NET have been also found in CF 
airway fluids by confocal, atomic-force and scanning-
electron microcopy  [18, 59] . Moreover, HMGB-1 levels 
have also been found to be significantly elevated in the 
bronchoalveolar lavage fluid of CF patients  [60, 61] . 
Aerosolized recombinant human DNase (rhDNase) is a 
therapeutic option used to treat patients with moderate-
to-severe CF lung disease in order to reduce mucus vis-
cosity  [62] . Although rhDNase treatment has been 
shown to effectively reduce pulmonary exacerbations 
and improve lung function in some patients, it does not 
help with the severe neutrophilic inflammation, chron-
ic bacterial infection, and further deterioration of the 
lung  [63, 64] . Our findings, indicating that treatment of 
NET with MNase does not reduce their ability to stimu-
late CXCL8/IL-8 and IL-6 secretion by epithelial cells, 
are in agreement with these in vivo  observations and 
suggest that other therapeutic approaches aimed at lim-
iting the induction of NETosis or the blockade of 
HMGB-1 could help to mitigate the resulting lung in-
jury in CF. In fact, previous studies have shown that the 
inhibition of HMGB-1 enhances bacterial clearance and 
protects against  Pseudomonas aeruginosa pneumonia in 
CF  [60] .
 Despite the advantageous antimicrobial properties of 
NET, their ineffective clearance and exacerbated produc-
tion could have pathological consequences  [65] . The 
available evidence suggests that NET are key players in 
many pathological situations like VILI, ALI, and CF. Our 
findings which indicate that NET are able per se to induce 
proinflammatory cytokines by airway epithelial cells, and 
that inhibitors of NETosis markedly reduce the ability of 
neutrophils to stimulate the release of these cytokines by 
epithelial cells, suggest that selectively targeting NET in-
duction could hold promise for protection in these pa-
thologies.
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